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Statement of Problem: One of the essential parts of an industrial, 
moving~bed heat exch~nger is a mechanism to elevate ceramic 
pellets from the bottom. of the unit and return them to the system, 
thereby completing the cycle. A gas lift for transporting 3/8-inch 
diameter pellets in a large scale unit was proposed as an improve-
ment over a bucket type elevator formerly used. Investment, main-
tenance and. operating costs should be less for the gas lift than 
for the bucket hoist~ 
Method of Procedure: A 3-inch air lift was operated for a series of 
test runs in order to obtain design data for an industrial instal-
lation. A correlation was obtained which pennitted extrapolation 
to larger pipes and greater rates of pellet flow. 
Findings and Conclusions: The data obtained at lift-air temperatures up 
to l000°F were in satisfactory agreement with published correlations 
of the tenninal .velocities of spheres in air. Approximately 
four-fifths of .the total pressure drop was accounted for by known 
"heads". The. remaining .·20 ·per cent of the observed loss was attri-
buted to pellet a.cceleration and pellet friction losses. A correla-
tion of the experimental data indicated that 2245 SCFM of air de-
livered at 3.1 psig pressure and 1000°F temperature to the base of 
a 10-inch lift pipe would satisfactorily lift the 3/8-inch diameter 
pellets at rates of up to·. 90;000 pounds per hour. Since start-up 
conditions. r.eqtiire. up ·to 50 per cent· increase in the air volume, 
the use of steam i.s suggested to· supplement the air flow at lower 
temperatures. ·Additinnal .pressure at the blower d;'.i.scharge would 
be necessary to allow for pressure drop through the burner, control 
valves and auxillary piping. A reduction in blower investment may 
be realized if superheated steam is used ·as all or a part of the 
lifting medium at operating temperatures. A choice between the 
steam and the air lift will depend on the comparison between the 
blower investment and the cost of steam at the plant installation 
and on alleviation of operating difficulties associated with water 
from condensed steam in the lift pipe. Stable operation can be 
achieved if the pellets are transported from four to five feet 
above the upper end of the lift pipe before they are allowed to 
fa11 · into the return duct which carries them to the heat exchange 
unit. The pellet flow rate can be ascertained by measurements of 
the differential pressure across the top section of the lift pipe. 
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PREFACE 
In connection with his professional employment, the writer was 
asked to investigate the development of a correlation which would allow 
extrapolation of semi-works scale gas-lift· data to industrial size .. 
As a result of this investigation.a ga$-lift was designed to elevate 
ceramic pellets in a large scale installation to complete the cycle . •· 
of a moving-bed heat exchanger;.. This thesis reports the development 
of the aforementioned correlation .. 
The writer wishes to express his appreciation to the members of the 
Chemical Engineering Division of the Research and Development Department 
of Phillips Petroleum Company in Bartlesvillej Oklahoma for their help-
ful advice and assistance and for their willingness to allow the data 
contained herein to be used as the basis for this thesis. The writer 
also wishes to express his appreciation to the staff of the Chemical 
Engineering Department of Oklahoma Agricultural and Mechanical College 
for their excellent advice in.the critical reading ot this thesis .. 
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One of the essential parts of an industrial moving-bed heat ex-
changer is a mechanism used to elevate ceramic pellets from the bottom 
of the unit and return them to the system, thereby completing the cycleo 
A gas lift for transporting 3/S-inch_diameter pellets in a large scale 
unit was proposed as an improvement over a bucket type elevator formerly 
usedo Investment.ll maintenance and opera~ing costs for the gas lift 
should be less than for the b~cket hoisto 
A 3~inch diam.et.er .. air lift wa..s operated for a series of test runs 
in order to obtain design data .for an industrial installationo These 
data were examined with .respect to .published data on the transport of 
spheres in various f.lui.ds o A summation of all the calculable energy 
heads was compared. with the .totaLobserved pressure drop at various 
~ ... ' ' 
pellet flow rateso From. the. resu'.!-ting correla~ion., the design specifi-
cations for an. air. lift .. for .a large scale installation were estimatedo 
l 
IL. EXPERIMENTAL PROCEDUR:§ 
A series of test runs was made to obtain data on elevating 3/B-inch 
ceramic pellets using air in a 3-inch diameter by 4lo5-foot high insul-
ated carrier pipeo Figure l is a diagram.a.tic sketch of the apparatus 
used. Lift air was supplied to the bottom of the pipe at controlled 
temperatures from 133°F to 1010°Fo· No m~asurement of the air temperature 
at the top of the lift pipe was obtained. PelJ.ets were supplied to the 
vertical carrier at rates ranging from 100 to 0000 pounds per houro The 
higher pellet rate. was not limited by the lift line capacity but rather 
by the capacity of the pellet feeding mechanism. Lift air was prevented 
from flowing into the pelJ.et. supply system by a sealing mechanism. During 
normal operation of a gas lift, the air temperature would be controlled 
·to approximate the pellet temperature. The experimental data presented 
herein were obtaine.d with the pellets entering the lift at atmospheric 
temperatu.reo The comparatively cool pellets removed some of the heat from 
the air and» consequently., estimated values of fluid requirements for an 
industrial installation, based on these data would be somewhat higho 
A pellet disengaging section was located at the top of the air lift 
pipe. This vessel was 20 inches in diameter and 8 feet higho As the 
air issued from the carrier pipe it expanded into this larger diameter 
vessel, thereby losing much of its velocityo The pellets, no longer 
being carried by the lifting velocity of the air.9 fell to the bottom of 
the disengaging section from which they flowed back to the heat exchange 
unit., 
At each of the temperature conditions., data were obtained at 
11rnaximum11 , nnormal11 and .. 11minimum" air flowo The "maximum" air flow 


















FIGURE 1 DIAGRAMA TIC SK ETCH OF AIR LI FT APPA.'RA TUS 
3 
4 
transport the pellets up the lift pipe and to within a short distance of 
the top of the disengaging .. vesse1o This quantity of air was determined 
by transporting pellets with an oversupply of air and then slowly reduc-
ing the hot air flow until the majority of the pellets no longer hit the 
top of the disengaging sec.ti.Ono It was estimated that the average dis-
tance travelled by the pellets past the top of the carrier pipe, under 
these conditions,, was about se:veni'eeto The "minimum11 air flow was de-
fined as the quantity of air at lift temperature which just barely trans-
ported all of the pellets over the top of the lift pipeo To determine the 
"minimum" air flow, more than sufficient air to lift all of the pellets 
was suppliedo This air flow.was gradually reduced until plugging of the 
lift pipe indicated insufficient air was availableo 
11Normal11 operation carried the pellets. into the disengaging chamber 
at velocities between the "maximum" and "minimum" extremeso At 11normaln 
and "minimum" air rates, the vertical travel of the pellets beyond the 
top of the air lift pipe was approximately four feet and two feet respect-
ively, before the pellets fell from the air streamo Accurate measurements 
of pellet travel into the disengaging chamber could not be made because of 
the construction of the vessel. 
The total pressure drop across the 410 5-f oot air-lift pipe was read 
from a water manometer whicp was .connected just below the duct which 
carried the pellets to the carrier pipeo Since the disengaging chamber 
at the top of the air lift was open to the atmosphe:re,11 the pressure drop 
through the pipe was essentially equal to the static pressureat the 
bottom of the pipe. 
III.. FACTORS INFLUENCING GAS-LIFT PERFORMANCE 
The basic data needed tor the design of a gas li~ are the gas flow 
rate required for transport ~nd the anticipated.pressure drop. These two 
para.meters a.re defined 'When the pipe eize, the ve~.o?ities of the gas a.nd 
of the solid, and the. physical properties of the gas and of the solid are 
determine do 
When the fluid velocity through the pipe exceeds the terminal veloc-
ity of the particles, the. pa.rti.cles take .. on a motion relative to the pipe . ' ~. .. . . 
in the direction of the. flowing fluido The terminal velocity is some-
times defined as the gas velocity necessary to suspend a particle at zero 
net velocity. The difference between the fluid velocity and the net pellet 
velocity is equal to the t.erminal velocity of the air. In equation form: 
Vt= V - V (1) a p 
where: 
Vt is the terminaLvelocity of air necessary to freely suspend the 
particles 
Va is the true air velocity at flowing temperature 
VP is the pellet velo~ity .. under steady state. conditions 
The pe~let velocities, Vpi in the lift will vary at different levels 
in the pipeo . At the bottom of the li!t 9 the pellets will be undergoing 
., ··- ,. . .. ' 
acceleration and the bulk density at this level will be high9 Near the 
upper end of the carrier pipe a steady state will e:idst where the ratio . . ,. . ' ~ . 
of pellet velocity to fl'Ui4 velocity will be essentially constanto An 
estimate of the pellet velocity in this steady-state section of the lift 
'' ·.,. ,. 
may be obtained from the average distance the pellets travel after leav-
. . . ' . 
ing the lift. pipe, ~ince _at.~hatl??int their e11~rgy will be spent only 




g is the acceleration due to gravity .. . 
Sis the vertical distance travelled by the pellets after leaving the 
effect of the li:f't air 
The bulk density of the pellets i~ the steady~s~ate section is a function 
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p 
l'b is the bulk densiti' of the pellet~. ~n· th~. pipe . 
WP is the weight of pellets being eleira~e~ per unit time 
A is the cross-sectional area of the pipeo 
' .. 
This bulk density term is required to determine the true gas velocity 
. . . . " ' . . 
(.3) 
at the .flowing conditions since it is a measure of the reduction in the 
"" " 
cross-sectional area of the pipe.due to the pelletso The expression., 
,. ' . . ' 
(l - ~~ t:°1 )., indicates the l?rop?rti.on o:t'_ the pipe area., A, which is free 
space. The true gas velocity is, therefore: 
Qa .. Va• 
. A (l -f',J PS) 
(4) 
where: 
Qa is the v.olum.e. of . .f'luid. per. unit time at flowing temperature 
' ' '" . ' ' 
/J8 is the density .. of the individua; pellets based on the weight of 
a unit volwne of the material .of composition 
Examination of Equation· (.3) indicates the possibility of estimating the 
' Ji " • ; .. 'I ' ~ I ' ' '" "' ' ' ,, ' ' 
pellet velocity. (i. e~, 1?,1,:e~~c .~!le~&,V). ~~ a& .. s~~~;on of the. lift by 
' 
measuring the .bullt density in the various sections • 
. .. ,, - .. . "., . 
· The tot~~--en~rgy ~oss_,~~ ~ra:i,.~po:~~~ .~! p~ll~~s through the lift 
pipe may be ·.mea.s.ured. in terms. of. pressure drop as the s'Wll ot the 
7 
contributing "heads" against which the work is doneo 
(5) 
whereg 
6.PT is the total pressure drop in the gas lift 
~a is the pressure drop due to air friction on the wall of the 
carrier pipe 
AP'6 is the pressure drop due to the head of pellets in the gas lift 
~Vp is the pressure drop due to the velocity (i.e., kinetic energy) 
of the pellets at the top of the lift pipe 
~FPel is the pressure drop due.to pellet friction on pellets and 
on the wall of the lift pipe 
D.PAcc is the pressure drop lost to acceleration of the pellets 
The pressure drop due to the friction of the air on the walls of the 
carrier pipe may be evaluated from the Fanning equation: 
I' fV 2iI 




/Ja is the density of the fluid 
f is the friction factor 
H is the length of the a.ir lift pipe 
gc is a constant for dimensional conversion "" 32.17 ft lb mass/lb 
force sec2 
Dis the diameter of the carrier pipe 
The loss required to support the column of pellets in the pipe isg 
The additional energy required to give the pellets their exit velocity 
is a function of the kinetic energy of the pellets at the top of the 
lift. The pressure drop necessary to give the pellets tµis amount of 
, .• : .••• •f"'." 
-~·:::,. '-" 
energy can be evaluated by the relationi 
The pellet .friction loss~ A PPel~ a.nd the acceleration lose,11 
A PA· . 9 ar. e complex tenns :i the total . of which is best determined by cc . 
(8) 
di.fferenceo In a. detailed set of data. the two terms may be subdivided by 
obtaining pressure. readings and pellet densit.ities in both the steady-state 
section and the .acceleration section of the li.:f't pipe" Ih the analysis 
herein reported the two terms were grouped together. 
IV" · CORB.ELA'l!'ION OF DATA 
In the correlation ot the experimental data obtained for .this work 
the .t ollowing quanti ti.es remain constant 8· 
D - diameter of the lift pipe - 0.256 ft 
A - cross-sectional. area of the lift pipe - 0.,051.'.3 ft2 
H ... height of the lift pipe - 41115 rt 
D8 - average pellet diameter - 000313 ft 
f'a- density of air at 60°F and i Atm - Oa-0763 lb/tt3 
f- density of the :individual pellets based on the weight of a unit s . . . 
volume .of. the material ot composition - 24900 lb/.tt3 
go- constant !or .. dimensional. conversion - 32017 .ft lb mass/lb 
force sec2 
The experime.nta..L data .. obtained during_ the course of this study appear 
in the appendix as. Table I, .... Experimental l)ata on 3-Inch Air Litt For 
.3/S-Inch ~iame.ter Pellets ... 'lbese data_ include the li.:f't air temperature, 
the air fl.ow. at. lift .. t.emper.a.ture.,. the pellet flow and the total pressure 
drop as well. as ... the. estimated vertical distance the pellets travelled 
int.o the .. dis.engaging. secti:on before thei.r upward motion was overcome by 
the force of gravity. 
Table II, Estimation o:t Pressure Heade For 3-Inch Air Litt, is a tab-
·~ ' ,, . ' ' 
ulation of the eatima:ted ... pressure. rtheade" for the 3-inch air 11.f't cal-
culated from .the .. exp.erimental. data .•.. The .. discussion which :follows describes 
the evalua:t.i.on .. of the ... various t.erma :which. appeii,r in the tableo Data point 
(l) will be used for. example purposes. 
9 
10 
For the three conditions .. of pellet flow j) namely~ "maximum"j) "normal" 
and "minimum''~ it was estimated .. that the .pellets continued their vertical 
rise seven., four and two. feet .. respectively after leaving the carrier pipeo 
Substituting in Equation (2) for data point (1) the average pellet veloc-
ity wasi 
VP .?y2 x 32o2 X 7 = 2lo3 ft/sec 
, The bulk density. of .. the pelletsj) f\, was obtained by substitution 
in Equation (3)o For data point (l)~ 
fJ. "" · 12'50 · · = .Oo31$ lb/.ft3 
b .... 0,.0513: X: 2i:3 X 3600 
To calculate the velocity of the airll Va,, substitution in Equation 
(4) for data point (1) yieldedi 
· V II!' · ••.. - .... · .· 555 · · · ·· = 10005 ft/sec 
. a 0 .. 0513 (1 - O~Jl.S/249) 60 
Data were obtained on. th.e flow. of air through the three-inch pipe 
at different temperature levels without pellet flow in order to determine 
A Pall the pressure drop .due to .the .. friction of the air on the walls of the 
carrier pipeo Table III1 Calculation of 6,ta With No Pellet Flow1 presents 
the data obtained and a.listing of .the calculated valueso In Equation (6) 
The value of ~a is 
From data point (46) 
Similarlyi 
For data point (46 J 
Prv ~ AP' -=. a. a 
· a 2gcD 
000763 X 520 mi~ 
TOR . T°R 
p • 39°? • 0 02$2 lb/ft3 
a· 1410 ° 
Q Q 
V = . . a .·. • · ·a 
a Oo051J x 60 30 08 




f is the friction factor or drag coefficient 
Dis the pipe diameter in feet 
t:J. P' is the pressure drop in lb/.ft2 
In order to simplify. the .friction factor with known quantities 
Ap • pressure drop ininche.s of water 




Substitution of. the now.known va.lues for.data. point (46) in Equation (6)g 
AP· iii (0 •. 2S2)((lo0:i42){l69~4-)2!4l1122 • 50 7 ino H O 
a · · · (2)(32017)(0~256) 2 
The above ca.lc.ulat.ion .. wa.s .. carried o:u.t for data points (46) through 
12 
(8.3) as shown in Table IIIo As indicated by the dividing lines in the 
table.11 sets of data were obtained at three temperature levels to corres-
pond roughly with the temperature levels used for obtaining data with 
pellet flow. 
Figure 2 is a plot of the.data in Table III and shows the pressure 
drop due to fri.ction of air. on the walls of the carrier pipe at various 
air .flow rates for the .three temperature levelso 
The values o.f .6. Pa for the data obtained with flowing pellets 9 as 
indicated in Table II were . obtained from Figure 2o For data point (1) 
where Qa = 555 at Ta = 9.35i· 
.6.P a .. 5o 70 ino H2o 
The values. of 6 P s were obtained by substitution in Equation (7)o 
for data point (l)i 
Ap_ = (Oo318)(4].o52{27.,7) = 2 50 i·n H O L.\ s ... .... (144) . 0 0 2 
The pressure drop due to the velocity of the pellets., APv j was 
' p 
obtained by substitution.in Equation (8)u On data point (1): 
A p ~ (0.,318)(2103)2 (27 o 7) 3 ~ VP . (2)(3202)(144) - Oo4 ino H20 
A summation of the calculated pressure "heads" for data point (1) 
is then .found to be~ 
As previously discussed:11 the pellet friction loss .9 APp6 p and the 
acceleration loss 1 ,Al'Acc» were obtained by difference. From Equatrion 
(5) we have for data point (l)g 
12o0 == 806.3 + ~PPel "".APAcc 
6.PPel + AP_Acc = 3o37 in. H20 
The foregoing te.rm. also .. includes any. errors in calculation)) in original 
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14 
the lift pipeo 
Because the pellet velocities were not determined exactly$ little 
correlation was obtained between the per. cent pressure drop unaccounted 
for and the pellet .. flow. rate~. . An @.vere.ge of' about 80 per cent of the 
ene:rgy requirements wa~.att~ibuted to known "heads11 e Fol' design puri,e~es, 
therefore, a fact.or of .1.2~ will. account for the losses to pellet aeeelera-
tion and pellet .friction ...... The perc.entage of the energy lost to these two 
factors ~hould 'be. li.ttl.e. different .... in the prototype o:f' the experimental 
air lift if' th.e. pell.et .. d.ensity .. in the designed carrier does not exceed 
that :reported.in these. data., 
The estimated .. t.erminal velocities of the pellets in air are presented 
in Table IV, Terminal .. Velocity: of 3/e..rnch Pellets in Air9 and were cal-
culated from Equations (2), tn, (4) and (1). For data point (l)g 
. VP ;; y(2)(32.,2H7) ~ 21.3· ft/see 
p .······ .. (1250) · · • .· .•. . ; 3 .. b \!JC tb~O$l:3}(2l .. J)C3600) OQ318 lb ft 
V li'· .. ·,, .. . .222 . . . . . ~- !l!I 100.5 ft/sec 
a (0~0513)(1 ... o .. 31s/249)(60J 
Vt• l80Q5 - 2lo3 a 159Q2 ft/see 
Figur~ 3 .is.a .. plot of the oale.w.ated terminal velocities of the pel-
lets in .. air. vers\\s the. fl.owing. air temperatllre. The data ,;:if Waddel 1 as 
calculated. for .si.mi..lar. pe.lleta . .in air .a.re. s"U.perimposed upon the same fig-
ureo No attempt. was .. made ... to draw. a. curve through the experimental data 
Althous;h the expe:dment.aL.data .. points do not duplicate the ou:rve calcu-
lated from published. dat.a, .. the .. agreement is considered satisfactory since 
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the terminal .. velO:citi.es calcw.at.ed .. from the data obtained were based on 
the estimated averag.e ... di.s.tances .... travelled· by the pellets above the car-
rier pipeo The agr.e.eme.nt .... is ... s:llffi.cie.nt ..... to confirm the more exact data 
ot Waddelo 
The data. ot Waddel .. appeared. as .. a plot of the Re1llolds number versus 
the friction fact.or f.or .. spheres.o Figure. 4 is a reproduction of the por-
tion of the .. curve. which ... is .... applieable. to th~ conditions encountered in 
this studyo 
The Reynolds number is defined as 
> .· .. • »,yt,l'a 
lte . ~a"··· 
wheres 
Re is the Reynolds nwn.ber 
· · D8 is the. average diameter. of t~e pellets 
j'a is the viscosity of .. the .fluid .. 
The form of the. fric.ti.on factor lJSed here is:· 
tD• ~(fs • p a)g~s 
· 3V 2p· 
i a 
wheres 
fn is the friction factor 
(10) 
(11) 
Since the terminal .. velocity. term, .. Vt,, appears in both parameters 
it was necessaey. to combine the. two parameters to t'orip. a new dimension-
less factor . ., R1 in such a.way. as to eliminate the velocity termo By 
definition: 
where: 
R is a new dimensionless neber 
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Since the density of the fluid is very small compared with the 
density of the solid it .. was assumed in this study that: 
18 
(13) 
/Js -fJ a· P~ (14) 
For the pellets used in this study: 
Ds • Oo03l3 ft 
~. 24900 lb/ft3 
then substituting in Equation (lJ) and (14): 
R • ·}f;··. J0,.03~l}3(32o2J~~9) Pa 
"J · (Oo672 X 10- ) /I a2 
org 
where: 
/I a is the viscosity in centi~oisee 
(l;) 
A plot ot. the. Reynolds. number versus the new dimensionless number., 
R, is presented.as .Figur.e. ~ and was obtained tra the data listed in 
Table V, Calculation of .Dimensi.onle.ss Number R FrODl :Figure 4. For example, . . . 
using Equation.(12), for the first point listed: . . . 
· R • (1 X l03)2(0u44) • 4o4 X lOS 
Since R is a tune.tic~.: ot.f.~ and/' e.' i~ is also a function of temp-
erature~ A temper.a.ture .. scale ... wa.s .. therefore superimposed. on F!Ligure S., 
.. ,, 
To locate the temperature .scale. cit was ne.cesaary to calculate values ot . . . 
R at various .tempe:i:"a.ture .l.evel:a~ .. The viseosity wae obtained from an 
. l· alignment cha.rt. in .Perey ..•... Caleula.ti.o~ of th-e foregoing relationship 
1J. Perry. .Chemi.c.a.l Engi~ee:rs .Handbook, 2nd :Ed.,, (1941) p .. 791 
.· - 105 - . 
I 
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appears in Table VI, Calculation of Dimensionless Number R From Fqua.tion 
(l;) .. · For example: 
then: 
at l00°F f • 7.08 X lo-2 lb/.tt3 a 
/Ja • loS7 x 10-2 centipoises 
S (7,,0S x 10·2l . 7 
R • (2olS x 10 ) (11'87 x 10~2-,~. • s.26 x 10 
The exact data of Waddel1 could then be applied to calculate the 
terminal velo.eity., Vt, at various .. temperatureso The straight line shown 
on Figure 3 represents .. this plot.. .Values. of Vt were calculated from the 
Reynolds numbers . obtained. at .. various .. temperatures trom Figure 5. · For ex-
ample at 100°F: 
them 
or: 
Re • 1.35 x 104 
i.35.:~· ir}+ • (0.~31.3)Vt(7.0S x 10-2). 
(0.672 X 10-3)(10 87 X 10-2) 
Vt • 7S!2 tt/se~ . 
Values obtained.at.,the several other temperature plotted appear in 
Table VII., Terminal.Veloc\t:r of 3/S-Inch Pellets in A1r9 
1,· : '. ; .. _;, 
l 
Waddel., p, 459. 
V. PROPOSED DESIGN FOR INDUSTRIAL INSTALLATION 
The calculation of a design .of an air lift for an industrial instal-
lation follows. . Thi.s design .was .based on a 10-inch, Schedule 40, steel 
pipe, 90-feet long. An. s~t.oot . high disengaging chamber at the top of 
the carrier pipe was proposed, and velocities sufficient to transport 
the pellets four and three-fourths feet into the disengaging chamber would 
be used. The maximum lift-air temperature was assumed to be 1000°F. The 
maximum pellet flow rate was .assumed to be 90,000 pounds per hour. 
The pellet velocity in the steady-state section of the pipe by Equa-
tion (2) is: 
.. Vp =v'(2J(.32.2)(4.75) • 17.5 ft/sec 
The bulk density of the pellets in. the carrier pipe is within the range of 
densities covered by the experimental data; from Equation (.3): 
..,o • . Jo. ooo · • 2 60 lb/ft.3 
,-b (0.548 (17.5)(.3600) • 
The required air rate may be calculated from Equations (1) and (4) by 
using the terminal. velocity correlation shown as the straight line on 
Figure .3: 
. Va• 174.0.., 17.5 = 191.5 ft/sec 
Qa • 191.5(0.548)(1 - 2.60/249)(60) = 6.300 CFM 
The air-volume specification at standard conditions is: 
6.300(520/1460) = 2245 SCFM 
The pressure at which the blower must deliver 2245 SCFM of air to 
the bottom of the carrier pipe is calculated in a stepwise fashion from 
Equation (5). A standard friction~ractor chart is used to determine the 
friction of the air on the walls of .the . pipe. Under these conditions, 
by Equation (6): 
21 
1:1 p .., (000272) (0.0165) (191. 5 )2(90)(12) 
a (2)(32.17)(10.02) 
From Equation (?)i 
(2?.?).., 5.3 in. H20 (144) 
AP8 = (2.60)(9o)(~i4i~ .. 45.2 in. H2o 
From Equation 
22 
Accounting for the acceleration. and pellet friction loss by a factor of 
lo25ll the totaL.calculat.ed pressure drop from Equation (5) is~ 
APT == (5.3 .,i. 45.2 + 2.4)(L25) = 66.2 in. H2o 
Ap 66.2 2 .39 o 
«.lo T = 27.7 = • psig 
Tf a factor of safety of lo3 is used, the operating pressure at the bottom 
of the lift pipe should be about 3.1 psig. 
Similar calculations were .made for several different diameter lift 
pipes at different.pellet flow.rates.and air temperatures. The require-
ments at the different conditions are summarized in Table VIII,11 Require-
ments For Industrial Air Lift Installations. 
Since the upper limit of pellet flow was 90,iOOO pounds per hour~ a 
l2=inch carrier pipe was.found to be unnecessary. A 6-inch lift pipe 
would require higher fl.owing pellet densities than found practical in 
these data. The 10-inch carrier pipe is the most satisfactory for pellet 
flow rates up .to 90.,000 pounds .per h.ouro Tf start-up temperatures were 
about 100°F~ appro.tima.tel.y:.340.0 SCFM of air would be required., At operat-
ing temperatures.~ the. !low requirements would be decreased to about 
2200 SCF'Mo Because of th.e wide .difference between the air requirements 
at l00°F and at l000°F., it would .. be preferable to use steam as a supple-
mentary lift gas at. the .lower .t.emperatures0 
A gas lift for the same industrial installation discussed in the 
foregoing para.graphs ca.n .. be ope.rated with steam ae the lift fluid and 
23 
with a smaller. amount of air.and fuel used for superheating the steamo 
The design of a steam .li:t't. can .. be. calculated .from the analytical expres-
sions previouelydiecussed.with the .use of a terminal velocity curve for 
steam which could be oaloulat.ed .. in a manner similar to that used to pre-
pare Figure 3o An. exact soluti.on would be obtained only by trial and 
error since the air and fuel. nec.essaey to superheat the steam would alter 
the physical properties .o!. the lift mediumo The indicated advantage of the 
steam lift .. ove.r .. the .. air .. lift .. is the substantial reduction in the cost of 
the blower which would .. be. achieved with the steam lif'to A choice between 
the steam and the .. air .lift .. would .. depend on the comparison between the 
blower investment and the. cost. of. steam at the plant installation and on 
alleviation of operating .. difficulties associated with water from condensed 
steam in the ... ca.rri.er pipe.... A .. complete evaluation of the use of superheated 
steam as the lifting .. medium. i.s .. b~yond the scope of this thesis. 
VI. OPERATION AND CALIBRATION OF INDUSTRIAL AIR LIFT 
Stable operation of the experimental 3-inch air lift was obtained when 
alight~ higher than "minimum" air and pellet exit velocitiee were main-
tain d. The following tabulation indicates the significance of slightly 
higher pellet velocities. The data presented were taken from Tables I 
and II. 
. Air .Flow. . . Temp. 




















At the "maximum" air .t'l.ow rate .the value of the flowing pellet 
density decreased t .o le.es than. one'!"half the density calculated at the 
"minimum" air flow rate and a .concurrent decrease in the pressure drop 
was experimental.~. noted • . It. was found that a pellet density of 3.87 
pounds per cubic .foot .wo:uld not .. plug. the carrier pipe, however, opera-
tion with this. high density .. was unsteady and should not be practiced. 
For the reasons stated., the recommended minimum height of the pellet 
disengaging se.ction .for the proposed lift was eight feet. The diameter 
should be sufficient to reduce the air velocity below the terminal veloc-
ity at the operating .temperature. . A two to four-foot diameter chamber 
would satisfy this re~uirement. 
The pellet flow rate can be ascertained by means of a differential-
pressure recorder with leads attached across the top section of the lift 
pipe. Since the pellet .flow in the upper section of the carrier pipe 
should be in a steady-state condition, losses due to pellet acceleration 
24 
25 
would be negligibleo By assuming, for example, six per cent of the total 
pressure-drop as loss to pellet frictions, the equations outlined in 
Chapter III of this thesis co.uld be used to calculate the pellet .flow rate 
at a111 pressure drop. These .following equationss 
A PT • ~ P'a + 6.P • APv + AP Pel + A'i Ace 
I p 
APp,1 + OPAcc • 0,06 APT) ped) 
. \ . ... 
APi, • /JbH .,;;t ,·'l . .. r. 
~VP• ,<'b(Vp2/2g) 
fb • Wp/AVP 
can be combined as follows: 
A PT • ~Pa • t<JbH + Pb (VP 2/2g) + p.06 ,6 PT 
0.94.C.PT-.6.Pa ·/Ob(H + vp2/2g) 
rearranging: 
O. 941::::. PT - AP • (W IAV )(H + V 2/2g) · . :· a P'' P P 
W • AV p p 
(0.94 i).PT -APa) 






Figure 6 presents one calibration curve estimated from equation (16), 
This curve was calculated for the anticipated pressure drop across the top 
20-feet of the 10-inch air lift pipe. 'lhe exit pellet velocity o.f 17.5 
feet per second and the air flow at l000°F of 2245 SCFM were determined by 
the design conditions previously stated. Table IX, Estimated Calibration 
For 10-Inch .Industrial Air Li.ft, contains the calculated pellet :flow rates 
at several pressure-drop readings across the top 20 feet of carrier pipe, 
Thee data are plotted on Figure 6. 
For the 6-inch pressure drop: 
/:i. P8 • 5.3 in. H20 
Substituting in Equation (16) and using the proper conversion factors: 
W • (0.548)(17.5)(3600).Lo.94 X 6 • 5,3 X (20/90:Il (144) • 25 000 lb/hr 






















6 a 10 12 14 16 1 a 
PRESSURE DROP ACROSS TOP 20;.;FEET .OF 10-INCH LIFT PIPE,APt, IN. H20 
FIGURE 6 ESTIMATED CALIBRATION CURVE FOR 10-INCH INDUSTRIAL. AIR LIFT 
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Since the .air fl.ow. ra.te will .va:ry. in .. operation only with variations 
in temperature, a .. set of similar curves at 100-degree increments of temp-
erature should complete.the calibrationo The sensitivity of the calibra-
. tion depicted in. Figure 6 is. approximately 5250 pounds of pellets per 
inch-of-water .differential pressureo .... This sensi t.i vity can be increased · to 
about 2400 pounds per inch .... of'-water, for example, by increasing the dis-
tance between the pre.ssure ... taps from 20 feet to 40 feet. 
Equation ( 9) and Figur.e. 6. indicate the' controlling factors in the 
use of a diff.erential'!'"pr.e.ssure. recorder to indicate the pellet flow rate. 
An actual calibration. by a sample~weighing procedure should be conduct.ed 
after installat.ion ... of .. the propos.ed lift, and the results should be com-
pared with the predicted behavior. 
VIL. SUMMARY AND CONCLUSIONS 
One of the essential parts of an industrialj moving bedfo heat ex-
changer is a mechanism to elevate ceramic pellets from the bottom of the 
unit and return them to the system, thereby completing the cycleo A gas 
lift for transporting 3/B~inch diameter pellets in a large scale unit was 
proposed as an improvement over. a bucket type elevator formerly usedo In= 
vestment~ maintenance and operating costs for the gas lift should be less 
than for the bucket hoisto 
A 3-inch air lift was operated.fora series of test runs in order to 
obtain design data for a large scale installationo A correlation was 
obtained which .. permitted extrapolation to larger pipes and greater rates 
of pellet flow o ·· 
The data obtained . at lift';!"'air temperatures up to l000°F were in 
satisfactory agreement with.published correlations of the terminal veloci-
ties of spheres in airo Ap~roximately four-fifths of the total pressure 
drop was accounted .for by known "heads" o The :remaining 20 per cent of the 
observed loss was attributed to pellet accelerat,ion and pellet friction 
A correlation of the experimental data indicated that 2245 SCFM of 
air delive~ed at )ol psig pressure and l000°F temperature to the base of 
a 10-inch lift pipe would satisfactorilyilift the 3/8-inch diameter pel= 
lets at rates of up to 90~000 pounds per houro Since start-up conditions 
require up to 50 per cent increase in the air volumej the use of steam 
is suggested to supplement the air flow at lower temperatureso Addition= 
al pressure at the blower discharge would be necessary to allow for pres= 
sure drop through the burner~ control valves and auxiliary piping. 
28 
29 
A reduction in blower inve.stment may be reali'zed if superheated 
steam is used as all or part of the lifting medium at operating temp,,, 
eratureso A choice between the steam and the air lift will depend ort 
the comparison between the blower investment and the cost of steam at 
the plant installation and on alleviation of operating difficulties 
associated with water from. c.ondensed steam in the lift pipeo 
Stable operation.can be achieved if the pellets are transported 
four to five feet above the upper end of the lift pipe before they are 
allowed to fall into the :return duct which carries them to the heat ex= 
change uni to The pellet flow rate can be ascertained by measurements 
of the differential pressure across the top section of the lift pipe., 
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DEFilUTIONS OF TERMS 
Cross-sectional area of pipe 
Diameter of the carrier pipe 
Average pellet diameter 
Friction factor 
Friction factor 
Acceleration due to gravity 
Constant for dimensional conversion= 32.17 ft lb mass/lb 
force sec2 
Length of the air lift pipe 
Volume. of fluid per unit time at flowing temperature 
A new dimensionless number 
Reynolds number 
Vertical distance travelled by pellets after leaving the 
effect of the lift air 
Temperature of air feed in degree Rankine 
Temperature of the air feed in degrees Fahrenheit 
True air velocity at flowing temperature 
Pellet velocity: under steady state conditions 
Terminal velocity of air necessary to freely suspend the 
particles 
Weight of pellets being elevated per unit time 
Pressure drop in inches of water 
Pressure drop in lb/ft2 
Pressure drop due to .air friction on the wall of the 
carrier pipe 
Pressure drop lost to acceleration of the pellets 
Pressure drop due to pellet friction on pellets and on the 
wall of the lift pipe 
Pressure drop due to the head of pellets in the gas lift 
Tot.al pressure drop in the gas lift 
Pressure drop due to the velocity of the pellets at the top 
of the lift pipe 
Viscosity of the fluid 
Density of the fluid 
Bulk density of the pellets in the pipe 
Density of the individual pellets based on the weight of a 




EXPERIMENTAL DATA ON 3-INCH AIR LIFT FOR 
Jf.S.-INCH DIAMETER PELLETS 
("Maximum" Air Flow) 
Data S (1) T Q w b,.PT 
Point Li.ft !(. aFl Peifet Experimental J.r OW 
Air (CFM at Flow Pressure 
.Temp Lift Temp) (lb/hr) Drop 
(OF) (in. H2o) 
l 7 935 555 1250 12.0 
2 7 900 605 2000 16.4 
3 7 855 615 3000 18.2 
4 7 1000 683 4200 23.4 
C: 7 900 694 5500 25.4 .,, 
6 7 1010 739 7000 27.8 
7 7 470 470 120 7.2 
8 7 465 429 600 9.9 
9 7 500 446 1440 13.0 
10 7 460 460 2805 16.4 
11 7 460 469 4200 20.8 
12 7 560 481 6000 31.7 
13 7 565 526 8280 37.5 
14 7 133 358 3240 21.0 
15 7 142 357 4500 25.5 
16 7 150 357 6060 34.0 
17 7 175 374 7260 38.4 
(1) The distance1 S9 is the estimated vertical distance the 
pellets travelled into the disengaging section before 

















EXPERIMENTAL DATA ON 2--INCH AIR LIFT FOR 
Jb~-INCH DIAMETm PELLETS 
("Normal" Air Flow) 
S (1) T Q w OPT 
Lift AiraFlow Pelf et Experimental 
Air (CFM at F1ow Pressure 
Temp 
(OF) 
Lift Temp) (lb/hr) Drop 
(in.i H20) 
4 940 533 1250 12ol 
4 940 5S4 2000 16o7 
4 870 . ).;i."602 3000 17.7 
4 990 644 4200 24.,7 
4 980 676 5500 26.3 
4. 1000 677 7000 2806 
4 470 417 120 6.9 
4 480 41B 600 10.9 
4 490 448 2800 20o9 
4 495 432 1440 13o5 
4 475 450 4200 21.0 
4 560 481 6000 31.7 
4 560 522 B280 40.2 
(1) The distance, s, is the estimated vertical distance the 
pellets travelled._ into the disengaging section before 




EXPERDrnNTAL DATA ON 3-INCH Am LIFT FOR 
;US-INCH DIAMETER PELLETS 
( "Minimum" Air FlQw) 
Data. s (1) T Qa w APT 
Point Lift Air Flow Pelf et Experimental 
Air (CFM at Flow Pressure 
0 Temp Lift Temp} (lb/hr) Drop 
(OF) (ino H20) 
31 2 950 515 1250 1Jo2 
32 2 895 566 3000 1906 
33 2 965 633 5500 28o0 
34 2 1010 654 7000 3lo5 
35 2 460 388 120 8.9 
36 2 400 407 600 11.0 
37 2 500 427 1440 15.6 
38 2 490 439 2005 21.0 
39 2 460 430 4200 23.7 
40 2 555 468 6000 34.3 
41 2 560 481 8280 4206 
42 2 133 338 3240 23o0 
43 2 135 320 4500 38.0 
44 2 144 332 6060 41.,3 
45 2 160 360 7260 42.6 
(1) The di stance, S, is the estimated vertical distance the 
pellets travelled_into•the disengaging section before 




















ESTIMATION .. OF PR!SSURE HEADS FOR 3-INCH AIR LIFT 
(855°F to lOlOOF Lift Air Tempera.tur,) 




"Maximum" Air Flow S ;= 7 feet VP,.. 21 .. 3 ft/sec (Eqo 2) 
0.318 18005 5.70 2.50 Oo4J 8.63 12o0 
0.509 196.5 7.05 4.06 o.69 11.80 16.4 
0.763 200.0 7.13 6.10 1.04 14.,27 18.2 
1.068 222 .. 0 9.,.30 8.53 1.45 19.28 23.4 
1.400 225.0 9.36 11.20 1.90 22046 25.4 
1.780 240.0 10.52 14 .. 20 2.42 27.14 27.8 
"Normal" Air Flow S == 4 feet Vp = 15.9 ft/sec (Eq. 2) 
0.425 173.0 5.20 3.39 0.32 8.91 12.1 
o.600 189.5 6.77 5.43 0.51 12.71 16o7 
1 .. 020 195.5 6.,97 8.14 0.77 15.88 17.7 
1.430 209.0 7 .. 42 .. 11 .. 41 1.08 19~91 24.7 
1.870 220 .. 0 8.90 1.4.90 1.42 25.22 · 26.3 
2.380 220.0 8.91 19.00 1.80 29.71 28.6 
36 
11Minimllln11 Air Flow S = 2 feet VP= 9 .. 8 ft/sec (Eq. 2) 
0 .. 691 167 .. 3 4.52 5.51 0.19 10.22 13.2 
1.660 184.0 6.;05 13.24 0.47 19.76 19.6 
3.040 206 .. 0 7.80 24.20 0.86 32.86 28.0 

















(1) In these instances the calculated pressure drop exceeded the 
experimental pressure drop. Such a result indicates that the 


























FSTlMATION OF PRESSURE HEADS FOR 3-INCH A:ffi LIFT 
(4600F to 500°F Lift Air Temperature) 
(Experimental Data on Table I) 
~b Va A Pa AP8 APv l::,,,.P~• AP5 J::.pT 
(lb/ft.3) (rt/sec) (inoH20) (in .. H20) (inoH20) +At'V (in~ H20) 
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0 .. 366 
0.714 














2 • .320 
3 • .310 
4.570 
"Maximum" Air Flow .s = 7 feet VP• 21.3 ft/sec {Eq. 2) 
148.Q 6094 0.24 Oo04 7 .. 22 7o2 
13500 5.67 lo22 0.21 7ol0 9.9 
140.3 6.20 2.92 0.50 9o62 13o0 
144.6 6.60 5.70 0.95 13.25 16 .. 4 
147.5 6.90 8 .. 53 1.45 16 .. 88 20 .. 8 
151.3 7.10 12.20 2.07 21.37 31.7 
165.5 8.07 16.82 2 .. 86 27.75 37.5 
"Normal" Air Flow S = 4 feet VP= 15.9 ft/see (Eq. 2) 
131.2 - 5.3.3 0.33 0.,03 5.69 6.9 
131.5 5.35 1.63 0.15 7.13 10.9 
141 .. 0 6.28 7.61 0.72 15.61 20.9 
136.o 5.82 3.91 0.37 10.10 13.5 
141.6 6.32 11.41 1.08 18. 81 21.0 
164.l 7.18 22.50 2 .. 13 31.81 40.2 
151.3 8 .. 32 16 .. 28 1.54 26.14 31.7 
"Minimum" Air Flow S -= 2 feet VP = 9. 8 ft/sec (Eq .. 2) 
122 .. 0 
128 .. 0 
134.4 
138.0 















26 .. 40 
36 .. 50 
Oo02 
Oo09 
0 .. 23 
0.44 
o.66 















42 .. 6 
(1) In these instances the calculated pressure drop exceeded the 
experimental pressure drop. Such a result indicates that the 
pellets actually travelled farther than the distance, s, which 
was estimated. 
(1) 
2 .. 80 
3.38 
3 .. 15 
3.92 
10 .. 33 







5 .. 56 



























ESTIMATION OF .. PRESSURE HEADS FOR 3-INCH AIR LIFT 
(133°F to 175°F Lift Air Temperature) 
(Experimental Data on Table I) 
"Maximum" Air Flow S = 7 feet 
112.5 6.J? 6.59 
112.3 6.35 9.09 
112.3 . 6.35 . 12.30 
117.6 6.85 14.76 
11Minimum" Air Flow $ = 2 feet 
106.2 . 5. 77 .14.JO 
100.6 5.20 .19.80 
104.2 . 5.55 26.70 
113.1 6.05 32.10 
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CALCULATION OF APa WITH NO PELLET FLOW 
Data T T Qa A.p V .. A 
Point OF ca CFM in.H2o ft,sec lb/ft.3 t APa. 
at T' at T 
46 950 1410 550 60.J l69.4 000282 0.0142 5.7 
47 950 1410. 572 6.8 176.2 000282 0.0142 6.2 
48 940 1400 578 7.1 178.0 000284 0.0144 6.5 
49 935 1.395 .. 576 . ... 7.2 177.5 0.0285 0.0146 6.6 
50 895 1355 590 7.5 18loc5 0.0293 0.0145 6.8 
51 950 1410 621 . 8~0 191.5 0.0282 0.0145 7.3 
52 Pf{O 1330. 617 8.5 190.2 0.0298 0.0148 7.8 
53 1000 1460 672 8.9 206.5 0.0272 0.0143 8.,1 
54 940 1400 648 9.L 199.5 0.0284 0.0151 8.3 
55 855 1.315 635 9~2 195.5 0.0.302 0.0149 8.3 
56 1010 1470. 688 9.6 212.0 0.0270 0.0148 8.8 
57 980 1440 679 9.7 209.0 0.0276 0.0151 8 .. 3 
58 980 1440 665 9.8 204.5 0.0276 0.0159 8.9 
59 1000 1460 728 10.8 224.5 0.0272 0.0148 9.8 
60 1000 1460 747 10.9 230.0 0.0272 0.0142 10.0 
61 1000 1460 764 10.9 235.0 0.0272 0.0136 9.8 
62 900 1360 741 ll.O. 228.2 0.0292 O.Ol'.36 10.1 
63 1000 1460 717 _11 .. 0 221.0 0.0272 0.0155 10.0 
... - - - - - - - - - - -- - .,. - - - - - - - - - - - - - - ... - - - - - - - - - -
64 460 920 395 5.9 121.7 0.0432 0.0173 5.4 
65 480 940 418 5.9 128.8 0.0422 0.0158 5.,4 
66 470 930 417 6.1 127.5 0.0427 0.0162 5.4 
67 500 960 45$ 6.4 14102 000413 0.0146 508 
68 465 925. 4.33 61)5 133.3 0.0429 0.0165 6.1 
69 495 955 44'.3 6.5 136.2 000416 0.0157 5.9 
70 490 950 458 6.9 141.2 000417 000155 6.3 
71 500 960 457 7.0 141.0 0.0413 0.0160 6 • .3 
72 460 920. 44$ 7.2 137.0 0.0432 0.0164 6.5 
73 470 930 473 7.2 145.5 0.0427 0.0149 6.6 
74 460 920 472 7.6 145.2 0.0432 0.0156 6.9 
75 475 935 476 71)6 146.5 0.0425 0.0156 7.0 
76 460 920 488 8.2 150.2 0.0432 0.0157 7.5 
"" ~ - - '?!"i;! !!!!!!!! "" .. ~ ~ ~ ~ ... -- - - - - - - - - - - - - - -- - - ~ - - - - - - -
77 13.3 593 .. 247 3o7 76.o 0.0670 0.0179 3,,.4 
78 1.33 593 275 4.3 84~7 0 .. 0670 0 .. 0168 3.9 
79 13.3 593 298 5.2 91.7 0.0670 0 .. 0173 4.7 
80 1.3.3 593 322 5.7 99.2 0.0670 0.0162 5o2 
81 1.33 593 .342 6.4 105.2 0 .. 0670 0.0161 5.8 
82 133 593 379 7.8 116.8 0.0670 0.0160 7.0 
8.3 1.33 593 417 9.1 128.5 0.0670 0.0154 8 • .3 
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TABLE IV 
TERMINAL VELOCITY OF /8-DJ'CH PELLETS IN AIR 
Calculated From Experimental Data 
Data Lift Va Vp Vt I Data. Lift V V Vt 
Point Air (ft/sec) (.rt/sec) (ft/sec) I Point Air (ft,sec) (ft/iec) (ft/see) 
Temp (Table II) (Eqo 2) (Eqo l) Temp (TaQle II) (Eqo 2) (Eq. l) 
(OF) _ (OF) 
185 ;°F _to 10).Q0~. Lift .Air. Temp~rc~t.ureJ. . . .. (460°F to 565°F '.t,it't Air Te~perature) 
1 935 18005 21.3 159.2 7 470 148.o 21.3 126.7 
2 900 196.5 21.3 175.2. 8 465 135.0 21.3 113.7 
.3 855 200.0 21.3 178.7 9 500 140 .. 3 21o3 119.0 
4 1000 222.0 21.3 200.7 . 10 460 144.6 21.3 123.3 
5 900 . 225.0 21.3 203.7 11 460 147.5 21.3 126~2 
6 1010 240.0 21.3 218.? 12 560 15103 21.3 130.0 
13 565 165 .. 5 21.3 144.2 
18 940 173.0 15.9 157.1 
19 940 189.5. 15.9 173.6 24 470 131.2 15.9 115.3 
20 ff?O 195.5 .. 15.9 · 179.6 25 480 131.5 15.9 115.6 
21 990 . 209.0 15.9 193.1 26 490 l41 .. 0 15.9 125.l 
22 980 220.0 15.9 204.1. I 27 495 136.o 15.9 120.1 
23 1000 220.0 15.9 204 .. 1 I 28. 475 141.6 15.9 125.7 
I 29 560 164.1 15 •. 9 148.2 
.31 950 167 • .3 9.8 157.~ 30 560 15103 15.9 135.4 
32 895 . 184.0 9.8 174.~ 
.33 965 206.0 9.8 196.2 '35, 460 122.0 9.8 112.2 
34 1010 212.1 9.8 202.3 36 480 128.0 9.8 11802 
I 37 500 134.4 908 124.6 
I 38 490 138.0 908 128.2 
39 460 1.35.2 ' 908 125.4 
40 555 147.1 9.8 137 • .3 
41 560 151.2 9 .. 8 11,.1..4 
Data Lift· Va Vp Vt 
Point Air (tt/sec) (ft/sec) (ft/sec) 
Temp (Tal>le II)c' (Eqo2) {Eqo 1) 
(OF) 
(133°F to 175°F Lift Air Temperature) 
1.4 133 112.5 2lo3 91.2 
15 142 112.3 2lo3 91,0 
16 150 ' 11203 21.3 91.0 
17 175 117.,6 21.3 96.3 
42 133 106.2 908 96o4 
43 135 100.6 9 .• 8 90.8 
44 l44 104 .. 2 .9.8 94.4 
45 160 113.1 9.8 103.3 
TABLE V 
CALCULATION OF DIMENSIONLESS 
NUMBER R FROM FIGURE 4 
Re 
(Figo 4) 
1 X 103 
2 X 103 
5 X 103 
1 X lo4 
2 X 1~ 
5 X ltr" 
1 X 105 
.t'n .. R 
(Fig. 4) (Re2f D) 
0,44 4.4 X 105 
0.40 1.6 X 106 
0.40 1.0 X 107 
0.42 40 2 X 107 
0.45 l.S X 108 
Oo48 1.2 X 109 









CALCULATION OF DIMENSIONLESS 
NUMBER R FROM EQUATION (15) 
/Ja 
(lb/tt'.3) 
7o08 X 10-2 
6002 X lo-2 
4o61 .x10-2 
3o74 xl0'""2 
3ol5 X 10:-2 
2o72 X 10-2 
A 
(centipoises) 
l.87 X 10-~ 
2ol0 X 10°'.'2 
2o47 X 10-
2088 X lQ-2 
3o25 X 10-2 
3o60 X 10-2 
R 
80 26 X 10~ 
5 .. 82 :x: 107 
/+ .. 12 X 10 
20 83 X 107. 
20 11 X 107 
1 0 65 X 107 
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TABLE VII 
TERMINAL VELOCITY OF 3/8-INCH PELLETS IN AIR 
(Calculated From Data of Waddel) 
T Re Vt 
(OF) (Figo 5) (ft/sec) 
100 lo,35 X 104 75o2 
200 1.15 X lo4 86 .. 5 
400 9o60 X 105 10807 
600 7o90 X 10 13008 
800 60 90 X 103 15205 
1000 60 10 X 10,3 17400 
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TABLE VIII. 
REQUIREMENTS FOR nIDUSTRIAL AIR LIFT INSTALLATION 
Pipe Pellet Lift Flowing ealc Desifil! S12ecifica.tiona 
.Size Rate Temp Pellet Pressure Air . Deli very 
(in) (lb/ht) . (OF) r~:i~!!, · Drop Flow -Pressure (psig) (SCFM} (psig) 
10 90,000 1000 2o60 2~:39 2245 . 3.11 
10 60,000 1000 lo73 lo-66 2245 2oJ.6 
10 30,000 1000 Oo f?J7 Oo96 2245 1.25 
10 60,000 500 .1.73 lo63· 2740 2.12 
10 30,000 100 o.87 0.91 3410 1.19 
8 90,000 1000 4.11 3.70 1390 4.·81 
8 60,000 1000 2.74 2.58 1390 3.36 
8 .30.,000 1000 1.37 1.45 1.390 1.88 
8 60,000 500 2.74 2o55 1740 3o:32 
TA:BLE IX 
<ESTIMATED CALIE:RATION FOR 10-INCH INDUSTRIAL AIR LIFTS 
T • l000°F 
D: • 0~835 .f't 
A • 0.-548 .tt2 . 
H • 20.0 ft 
~Pa • 5.3 in, H,20 - -· 
VP• 11~35 . .ft/eee (Eq.· 2) 
Pr.essure Drop W: 
Over Top 20.Feet (lbf.Er} 
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